Cellobiohydrolase 58 (Cel7D) is the major cellulase produced by the white-rot fungus Phanerochaete chrysosporium, constituting approximately 10 % of the total secreted protein in liquid culture on cellulose. The enzyme is classi®ed into family 7 of the glycosyl hydrolases, together with cellobiohydrolase I (Cel7A) and endoglucanase I (Cel7B) from Trichoderma reesei. Like those enzymes, it catalyses cellulose hydrolysis with net retention of the anomeric carbon con®guration.
Cellobiohydrolase 58 (Cel7D) is the major cellulase produced by the white-rot fungus Phanerochaete chrysosporium, constituting approximately 10 % of the total secreted protein in liquid culture on cellulose. The enzyme is classi®ed into family 7 of the glycosyl hydrolases, together with cellobiohydrolase I (Cel7A) and endoglucanase I (Cel7B) from Trichoderma reesei. Like those enzymes, it catalyses cellulose hydrolysis with net retention of the anomeric carbon con®guration.
The structure of the catalytic module (431 residues) of Cel7D was determined at 3.0 A Ê resolution using the structure of Cel7A from T. reesei as a search model in molecular replacement, and ultimately re®ned at 1.32 A Ê resolution. The core structure is a b-sandwich composed of two large and mainly antiparallel b-sheets packed onto each other. A long cellulose-binding groove is formed by loops on one face of the sandwich. The catalytic residues are conserved and the mechanism is expected to be the same as for other family members. The Phanerochaete Cel7D binding site is more open than that of the T. reesei cellobiohydrolase, as a result of deletions and other changes in the loop regions, which may explain observed differences in catalytic properties. The binding site is not, however, as open as the groove of the corresponding endoglucanase. A tyrosine residue at the entrance of the tunnel may be part of an additional subsite not present in the T. reesei cellobiohydrolase.
The Cel7D structure was used to model the products of the ®ve other family 7 genes found in P. chrysosporium. The results suggest that at least two of these will have differences in speci®city and possibly catalytic mechanism, thus offering some explanation for the presence of Cel7 isozymes in this species, which are differentially expressed in response to various growth conditions.
Introduction
The semi-crystalline character of cellulose makes its degradation a problem of considerable proportions. In nature, this vital part of carbon recycling is performed by cellulolytic microorganisms, including fungi and bacteria from a variety of habitats. The breakdown of cellulose seldom occurs as an isolated process, but is instead part of a concerted attack on the complex composite of cellulose with lignin and hemicellulose. The combined action of extracellular enzymes with complementary speci®cities is essential. 1 glucanohydrolase, EC 3.2.1.4) and cellobiohydrolases (1,4-b-D-glucan cellobiohydrolase, EC 3.2.1.91). Endoglucanases are believed to cut cellulose chains at random positions in less crystalline regions, so creating new chain ends. Cellobiohydrolases act processively on such ends, that is, they usually cleave off several cellobiose units in succession before the enzyme is released. 2 Although cellobiohydrolases are thus often categorised as exocellulases, recent activity measurements indicate that they may also be able to perform an initial endo attack, to create an end from which they then proceed. 3, 4 The relative contribution and signi®cance of endo action by cellobiohydrolases operating under natural conditions is still under debate.
Cellulases and other glycosyl hydrolases have been classi®ed into structurally related families, based on sequence homology and on the distribution of hydrophobic residues within the sequences. 5, 6 Two types of catalytic mechanism have been distinguished. 7, 8 A glycosidic bond may be hydrolysed via two single displacement steps, including a covalent glycosyl-enzyme intermediate, with a net retention of the con®guration at the anomeric carbon. Alternatively, a single displacement reaction, in which a nucleophilic water molecule directly attacks the anomeric carbon of the glucose unit, results in inversion of the con®gur-ation. The particular mechanism used has thus far been found to be conserved among the members of a given glycosyl hydrolase family. 9 Cellulases of bacterial and fungal origin characteristically have a small cellulose-binding module (CBM) connected to either the N or the C terminus of the catalytic regions via a presumably¯exible linker peptide. Nomenclature has been proposed, in which a number refers to the glycosyl-hydrolase family of the catalytic module, and a letter denotes the particular family member; 10 we use this system. Cellulases have been identi®ed in ten families of glycosyl hydrolases, representing a wide array of structural types, and including both retaining and inverting enzymes. The family 7 cellulases studied here are found only in fungi. They include both cellobiohydrolases and endoglucanases, all of which are thought to follow the retaining mechanism. 9 Among fungi, the cellulases of the ascomycete Trichoderma reesei are best characterised. In this soft-rot mould, two cellobiohydrolases dominate under inducing conditions: Tr_Cel7A (originally called CBH1) and Tr_Cel6A (CBH2). Five endoglucanases are expressed at lower levels, representing families 5, 7, 45 11 , 12 12 and 61 13 . Degradation of cellulose-like substrates is characterized by synergistic action of the different types of enzymes.
14,15 Each T. reesei cellulase is expressed from a single gene, and a simple on-off co-regulation results in constant ratios of the major enzymes regardless of the growth conditions.
11
Three-dimensional structures of the catalytic modules of the cellobiohydrolase Tr_Cel7A and the endoglucanase Tr_Cel7B have been solved. 16, 17 Both structures consist of two b-sheets that pack face-to-face to form a b-sandwich. In Tr_Cel7A, long loops on one face of the sandwich form a long ($50 A Ê ) cellulose-binding tunnel while the shorter loops of Tr_Cel7B form an equally extended but open substrate-binding cleft. The greater processivity of Tr_Cel7A is thus explained: the tunnel encourages retention of the substrate once it has bound. 16, 18 In contrast, the wider cleft of the endoglucanase offers easier means for entry (and exit) of an intact cellulose chain. The catalytic glutamate residues are located on opposite sides of the active site, with a separation appropriate to the double-displacement retaining mechanism. 19 The basidiomycete Phanerochaete chrysosporium causes white rot in wood; this requires degradation of lignin as well as cellulose, an ability unique to basidiomycete fungi. 20 Like T. reesei, P. chrysosporium has the capacity to produce a number of different cellulases. Six genes have been identi®ed from the Cel7 family; the sequences of the putative proteins are most similar to Tr_Cel7A. 21, 22, 23 (The various naming conventions that have been used to designate these enzymes/genes are summarised in Table 1 .) The proteins corresponding to only two of the genes have been identi®ed to date. In an early study, 24 an exo-1,4-b-glucanase from the culture solution of P. chrysosporium (at that time called Sporotrichum pulverulentum) was puri®ed and characterised. 24 This enzyme is, according to its structural and functional properties, identical with Pc_Cel7D. Later, this enzyme was studied further and an additional family 7 cellobiohydrolase was Uzcategui & Pettersson 25, 26, 31, 33, 36 This paper
The sequences referred to in the present work are identi®ed speci®cally in Materials and Methods.
identi®ed (Pc_Cel7C), as well as a family 6 cellobiohydrolase. 25 ± 27 Comparisons of the activity of Pc_Cel7C and Pc_Cel7D have so far revealed no major differences (A. Nutt, I.S., G.J. & G.P., unpublished results). No family 7 enzyme equivalent to the T. reesei endoglucanase Tr_Cel7B has been identi®ed to date. Several endoglucanases have, however, been isolated, 27, 28 and partial amino acid sequencing revealed that all are related to Tr_Cel5A; 27 none of these genes has yet been cloned. Another endoglucanase has more recently been discovered, which is homologous to Tr_Cel12A, and similar to it in activity and physical properties; like Tr_Cel12A, it lacks a separate cellulose-binding module. 29 Synergy has been observed between the P. chrysosporium cellulases in their action on crystalline cellulose, 26 ± 28 similar to the ®ndings for the T. reesei enzyme system. However, in contrast to observations with T. reesei, the cellulase genes of P. chrysosporium are differentially transcribed, depending on the substrate and stage of degradation. During growth on cellulose powder, the highest expression is observed for Pc_Cel7D and Pc_Cel6A, with lower levels of Pc_Cel7C and the family 5 endoglucanases. 25, 30 The ratios of those enzymes remained constant in submerged cultures when the carbon source was constantly fed at limiting, but inducing, levels. 31 These levels of protein expression have been shown to correlate well with the amounts of various transcripts observed. 23, 30 Using aspen wood chips as the growth medium, transcripts of Pc_Cel6A, Pc_Cel7C and Pc_Cel7E dominate; transcription of Pc_Cel7A and Pc_Cel7D was very low, and that for Pc_Cel7B and Pc_Cel7F was undetectable. 32 During growth on minimal medium containing glucose, only Pc_Cel7A and Pc_Cel7B transcripts were seen. 23 This differential expression, together with the fact that P. chrysosporium can degrade all components of wood, including lignin, suggests that the various enzymes will have different structures and physiological functions.
Here, we report the X-ray structure of Pc_Cel7D at 1.32 A Ê resolution, the ®rst cellulase structure to be solved from P. chrysosporium. We use it to model the structures of the other Cel7 enzymes from this organism, and so explore the reasons behind the presence of multiple isozymes. The results add to our knowledge of the process of cellulose degradation, and will also guide the design of mutants with improved properties for use in industrial applications.
Results and Discussion
Pc_Cel7D was the major secreted cellulase in the fermentation of P. chrysosporium with continuous feed of cellulose powder as a carbon source. 31 Crystals of the catalytic module (prepared from the intact cellulase using limited proteolysis) were only obtained after deglycosylation. An initial data set was collected to 2.1 A Ê resolution, using crystals formed in the presence of R-propranolol. The structure was solved from this data set by molecular replacement using a search model based on the structure of Tr_Cel7A. A second data set was collected from a crystal grown in the presence of racmexiletine; this allowed the protein model to be re®ned at 1.32 A Ê resolution. The two drugs were included in the co-crystallization experiments as part of an investigation of the ability of Pc_Cel7D to act as a chiral selector molecule for chromatographic separation. 33 However, neither compound was observed near the active site in the ®nal electron density maps. Statistics relating to the quality of the X-ray diffraction data and the re®ned protein model are summarised in Tables 2 and 3 .
Overall structure
The ®nal model includes all 431 amino acid residues of the Pc_Cel7D catalytic module. Its form is globular and elongated, with approximate dimensions 62 A Ê Â 41 A Ê Â 48 A Ê (Figure 1) . The structure has the characteristic fold of glycosyl hydrolase family 7 cellulases, i.e. a b-sandwich formed by two largely antiparallel sheets packing face-to-face, held together by a hydrophobic interface between the sheets. The b-sheets are highly curved, producing concave and convex faces of the sandwich, both containing six strands. The connections Statistics in the highest resolution shell are given in parentheses.
between the b-strands include four a-helices, and nine disulphide bridges that stabilise the loops. The loops emanating from the concave face of the sandwich de®ne the shape of the presumed substrate-binding cleft. The ®rst amino acid at the N terminus is a glutamine that is cyclised to yield a pyroglutamate residue, as is commonly found in extracellular enzymes from T. reesei and other fungi. There are two possible N-glycosylation sites in the catalytic module (``Asn-X-Ser/Thr'' sequence motif, where X is not proline), at Asn188 and Asn286. Electron density maps show only one N-acetyl glucosamine, bound to Asn286. This NAG forms hydrogen bonds with Arg296 of the same molecule, as well as with Asp259 and Thr261 of a symmetry-related molecule. Four residues at the C terminus (427 to 430) hydrogen bond with the same four residues of a crystallographic symmetry-related molecule, creating an antiparallel b-strand interaction. The last residue, Ser431, also interacts with the same symmetry-related molecule. These interactions, combined with those of the NAG group, produce a dimer in the crystal. For the intact protein in vivo, a linker and CBM would be connected to the C terminus of the catalytic module, and additional sugar groups would be expected to be found at Asn286; both of these factors would be expected to interfere with the formation of a dimer in vivo.
Overall comparison of P. chrysosporium Cel7D with T. reesei Cel7A
As expected from the high amino acid sequence identity (55 %), the fold of the catalytic module of Pc_Cel7D is very similar to that of Tr_Cel7A (Figure 2 There is an insertion of eight amino acid residues, Asn284 to Thr291 in Pc_Cel7D (Figure 2(a) ), similar to an insertion in Tr_Cel7B, and two additional loops are extended by a single residue, Pro318 and Asn338 of Pc_Cel7D, respectively. Structures of catalytic-de®cient mutants of Tr_Cel7A in complex with oligosaccharides show that it binds ten glycosyl units (subsites À7 to 3), with the cellulose chain being twisted by 180 as it traverses the enzyme. 34 These structures support the hypothesis that Tr_Cel7A acts processively beginning from the reducing end of a cellulose chain. Superimposing the cellulose chain, as bound in Tr_Cel7A, onto the structure of Pc_Cel7D shows that the chain ®ts well in the enzyme and that most enzyme-substrate interactions will be conserved (Figure 2(a) ).
Catalytic residues
In glycosyl hydrolases, enzymatic hydrolysis of the glycosidic bond takes place via general acid/ base catalysis that requires two critical residues: a proton donor and a nucleophile/base. 7, 8 Pc_Cel7D belongs to family 7 of the glycosyl hydrolases 6 which catalyse the hydrolysis of the b(1,4) glycosidic bond of cellulose with retention of the anomeric carbon con®guration. 9 Based on the similarity with Tr_Cel7A and other family 7 enzymes, the catalytic residues in Pc_Cel7D are Glu207, Asp209 and Glu212. Their positions are essentially identical to those in Tr_Cel7A and Tr_Cel7B, and they should perform the same functions in the three enzymes. Glu207 is the nucleophile and Glu212 the acid/base that donates the proton to the glycosidic oxygen in the ®rst step of the reaction. Asp209 shares a proton with the nucleophile in a short, strong hydrogen bond (O-O distance 2.5 A Ê ). In the acid/base reaction mechanism, Glu207 should be negatively charged, and Asp209 would be protonated and uncharged. Thus Asp209 is likely to be involved in maintenance of the appropriate pK a values for the other catalytic residues, assuring the correct ionization state of the active site during catalysis. Trp40 is conserved in both enzymes at subsite À7, but an extra aromatic residue in Pc_Cel7D may bind an additional glucosyl residue in a potential À8 site. (c) In Pc_Cel7D, a deletion at the tip of one loop, together with smaller side-chains in the opposing loop, will combine to make the substrate more exposed at the À4 and À3 sites. (d) Deletion in a loop found in Tr_Cel7A, and replacement of Tyr371 with Ala368, make the catalytic site more exposed in Pc_Cel7D.
Substrate-binding subsites
The active site carboxylate residues in Tr_Cel7A and Tr_Cel7B are located between sites À1 and 1, while the leaving group, cellobiose, is bound in sites 1 and 2 near the exit of the tunnel. 35 Four tryptophan residues form glucosyl-binding platforms in sites À7, À4, À2 and 1 in the tunnel of Tr_Cel7A; equivalent tryptophan residues are found in Pc_Cel7D (residues 40, 38, 364 and 373, respectively). One additional aromatic residue, Tyr47, is located at the entrance to the tunnel just before Trp40. A tyrosine residue is located at the same place in Tr_Cel7B (Tyr46), but Tr_Cel7A has a serine residue here instead. The placement of the tyrosine suggests that it may constitute an additional (À8) subsite, allowing Pc_Cel7D and Tr_Cel7B to bind an additional glucosyl residue of the substrate.
In the product sites 1, 2 and 3 of Tr_Cel7A, three arginine residues assist in the binding and positioning of the substrate, and may play a role in the recognition of the reducing end of the cellulose chain. 34 Arginine side-chains are present at equivalent locations in Pc_Cel7D (residues 240, 391 and 256). The placement of the main-chain atoms of Arg240 differs from that found in Tr_Cel7A because of a deletion in one of the loops covering the active site. Despite this, the functional guanido groups of the side-chains occupy a similar position in the two enzymes, supported by hydrogen bonding with two nearby residues (Gln172 and Asp248 of Pc_Cel7D). These differences, coupled with those near residue 335 of Pc_Cel7D, could affect binding in the product site.
The tunnel-forming loops Figure 2(a) shows the three loops that cover the binding cleft at subsites À6, À4/À3 and À1/1; these loops are shorter in Pc_Cel7D compared with Tr_Cel7A.
The ®rst (Figure 2(b) ) is found at the entrance to the tunnel. In Tr_Cel7A, three amino acids (residues 99 to 101) form a tight turn over site À6, with Gln101 hydrogen bonding to the glycosyl residue in site À5. The deletion of these three residues makes the entrance to the tunnel more open in Pc_Cel7D, and the corresponding hydrogen bond to the substrate is absent.
In the second loop (Figure 2(c) ), the position of the main-chain is the same in both enzymes, except at the tip where two extra residues are present in Tr_Cel7A (Asn197 and Asn198, in Tr_Cel7A numbering). In Tr_Cel7A, a well-ordered loop including tyrosine residues 370 and 371 from the opposite side of the cleft/tunnel makes van der Waals interactions with Asn198 and a hydrogen bond with Asn197. In Pc_Cel7D, the two asparagine residues are missing, and the loop is shortened. Furthermore, the tyrosine residues of the opposing loop are replaced by smaller residues, His367 and Ala368, widening the gap over subsites
The third loop is directly over the catalytic site (Figure 2(d) ). In Tr_Cel7A, it is comprised of 12 residues between the conserved cysteines at residues 243 and 256. Tyr247 hydrogen bonds with the glucosyl residue in site À2, and is in van der Waals contact with Tyr371 of a loop from the opposite side of the tunnel (mentioned above). The catalytic site is thus completely enclosed in Tr_Cel7A. In Pc_Cel7D, the cysteine residues at the ends of the loop (residues 238 and 245) are in identical positions, but the segment between is six residues shorter and does not cover the active site. Furthermore, the opposing tyrosine is replaced by the smaller Ala368, which makes the catalytic site even more exposed to solvent. Differences in access to the active site appear to in¯uence the kinetics of these two enzymes on small soluble substrates. Using the chromogenic substrate p-nitrophenyllactopyranoside, Pc_Cel7D exhibited a higher k cat (0.17 versus 0.10 s À1 ), and a higher K m value (5.1 versus 0.9 mM), when compared with Tr_Cel7A. 33 Binding of the natural product, cellobiose, is about ®ve times weaker in Pc_Cel7D (K d 0.1 versus 0.02 mM), suggesting that product inhibition is less pronounced for that enzyme.
Overall, the substrate-binding tunnel of Pc_Cel7D is more open than that of Tr_Cel7A, without any direct contacts between one side and the other. One would, therefore, expect the former enzyme to show higher rates of hydrolysis, reduced processivity, and perhaps an increased tendency for the loops to open and allow binding in the middle of a cellulose chain, i.e. higher endoglucanase-type of activity. Comparisons of these enzymes' activity on cellulose are as yet very limited. The one available study, using reducing-end labelled bacterial microcrystalline cellulose, did not reveal any signi®cant differences between intact Pc_Cel7D and Tr_Cel7A enzymes. 36 Both showed the same relationship between the release of radioactively labelled ends compared to the total sugar released, suggesting that they work processively and preferentially from the reducing end of the cellulose chain, and to about the same extent. However, these results may be in¯uenced by the function of the CBM, as that of Pc_Cel7D shows a two-to threefold stronger binding to cellulose than its Tr_Cel7A counterpart. 37 It is also possible that the rate of hydrolysis is limited by slow dynamics of the solid substrate, rather than by the properties of the enzyme.
Homology modelling
The presence of six Cel7 enzymes in P. chrysosporium presents an interesting puzzle: why should the organism have so many versions of this particular enzyme? It cannot be simply a matter of producing larger quantities, since the isozymes appear to be expressed at varying levels at differ-ent times and on different substrates. 32 We used our knowledge of the structure of Pc_Cel7D to investigate the other Pc_Cel7 enzymes. 22 The amino acid sequences of the catalytic modules are compared in Table 4 and Figure 3 . The high sequence identity (66-83 %) suggests that the folds of these enzymes will be very similar, and so justi®ed building homology models based on the Pc_Cel7D coordinates. Backbone atoms in the core regions of the actual structures are expected to deviate from those of the models with a r.m.s. difference of 40.8 A Ê . 38 The similarity of many side-chains to those of the template, combined with packing considerations, allow most side-chain conformations to be predicted with con®dence. These models, together with a modelled oligosaccharide (described above), provide a strong framework for evaluating the effects of sequence similarities and differences on functional properties. The residue numbering of Pc_Cel7D will be used throughout the following discussion.
It is clear that the sequences (and presumably the structures) of Pc_Cel7C, Pc_Cel7E and Pc_Cel7F are very closely related to that of Pc_Cel7D. There are no insertions or deletions in the catalytic modules of these sequences with respect to each other. The catalytic residues are conserved, and it seems highly likely that the enzyme mechanisms will remain the same. Some differences are found in the binding site tunnel of each (Table 5 and Figure 4 ), although they may not have direct effects on substrate binding. These changes fall in two loops that originate on opposite sides of the tunnel, and together form an arch over the À3 and À4 sites. Gly193Ser and Thr196Ala changes will result in differences in hydrogen bonding that could make this loop more¯exible. An alteration in the second loop (His367Tyr) introduces a slightly bulkier side-chain at the narrowest point of the binding site tunnel. Cel7E has an additional A368T mutation, and Cel7F has one at Gly335Glu. Taken together, these changes may produce enzymes with dynamic properties that are slightly different from those of Pc_Cel7D. Comparative studies of the properties of Pc_Cel7D, Pc_Cel7C and Tr_Cel7A are currently underway (I.S., A. Nutt, G.P. & G.J., unpublished results).
The sequences of Cel7A and Cel7B are more distantly related to Cel7D, and to each other (Table 4 ). A homology model of Pc_Cel7A is shown in Figure 5 , and an evaluation of its sequence differences in the context of the three-dimensional structure is found in Table 5 . There is only a single deletion; the C-terminal part with the linker and CBM is missing, and so the enzyme should have a lower activity on solid substrates. The catalytic residues are conserved, and so surely the enzyme mechanism is, as well. Some alterations in residues of the substrate-binding tunnel could, however, have substantial impact on the substrate speci®city Table 4 . Identities and similarities among catalytic modules of P. chrysosporium and T. reesei Cel7 enzymes
Red is the number of amino acids in each intact sequence, blue is the amino acid sequence identity within the catalytic modules, and green is the sequence similarity. Calculations were carried out in the program FarOut (Dennis Madsen and Gerard J. Kleywegt, http://xray.bmc.uu.se/dennis/manual), using BLOSUM62, weight sequences, gap opening penalty 10 and gap extension penalty 0.5. Figure 3 . Alignments of the complete T. reesei and Phanerochaete cellobiohydrolase sequences. Numbering at the top is with respect to the mature catalytic module of Pc_Cel7D, while numbering along the right-hand side refers to the complete sequence of the individual proteins. Sequence changes in the Phanerochaete isozymes (from the residue found in Pc_Cel7D) that are likely to have functional consequences are coloured red, and changes that are expected to have little or no effect are indicated in green. Residues that are inserted or deleted with respect to Pc_Cel7D are blue.
or dynamics of Pc_Cel7A. Substitutions Trp38Arg, Arg240Ser and Trp364Ser are particularly noteworthy, as these residues are expected to form speci®c interactions with the substrate in Pc_Cel7D. Trp38, which stacks on the glycosyl unit in the À4 site, is replaced in endoglucanases of two species of Trichoderma, as well as those from Humicola insolens and Fusarium oxysporum (by Tyr, Ser and Ile, respectively). Trp364, on the other hand, is conserved in every known Cel7 sequence, with the sole exceptions of Pc_Cel7A and Pc_Cel7B. This tryptophan makes stacking interactions in the À2 site that are believed to be important for the distortion of substrate in the À1 site during catalysis. 34 Replacement of Trp364, therefore, is likely to have important consequences for both binding and catalysis. Arg240 is highly conserved among cellobiohydrolases and makes important interactions in the 1 and 2 sites; it is, however, frequently missing in endoglucanases (as well as in Pc_Cel7B). The changes at Tyr47 and Gly193, Tyr378 and Lys382 are not inconsistent with family 7 cellobiohydrolases, but the replacements at Asn49, Tyr51, Lys178, Asn195 and His367 would be more typical of endoglucanases. Several of the changes would be expected to alter interactions with a cellulose substrate, while others may cause some relaxation of the loops enclosing the binding tunnel. On balance, it seems possible that Pc_Cel7A has some endoglucanase character. It is also quite conceivable that the natural substrate of this particular enzyme is not, in fact, cellulose, but some other linear polysaccharide.
A homology model of Pc_Cel7B is shown in Figure 4 . Three deletions in the sequence with respect to Pc_Cel7D are found, that will lie near each other in the folded structure. The combined effect of the deletions will be to create a more open substrate-binding tunnel at its most restricted point (between the À2 to À5 sites), with a probable increase in endo activity. These deletions could also affect the dynamics of the protein, and thereby its interactions with substrate. A fourth deletion (residues 429-430 of Pc_Cel7D) is found near the C terminus, but probably has no functional consequences. Rather surprisingly, of the three catalytic residues (Glu207, Asp209 and Glu212), the ®rst two are altered, to aspartic acid and alanine, respectively. Changes at these highly conserved residues, and others in the immediate neighbourhood, are sure to have important consequences for catalysis. The distance between the putative catalytic residues of Pc_Cel7B is predicted to be $7 A Ê , intermediate between that expected for an inverting enzyme (9-9.5 A Ê ), and the 5.3 A Ê average observed for retaining enzymes. 19 The shorter sidechain of the aspartate replacing the nucleophile leaves room for a water molecule beneath the anomeric carbon of the substrate in our model. This suggests a possible switch to an inverting mechanism for the reaction. While such a shift in the mechanism within a glycosyl hydrolase family would be unprecedented, it seems preferable to the interpretation that the retaining mechanism is preserved. Mutation of the nucleophile of the b-glucosidase of Agrobacterium from glutamate to aspartate reduced the catalytic rate by 2500-fold. 39 Changes at Tyr142, Asp170 and Trp364, which help bind and stabilise the transition state in site À1, could also have profound effects on catalytic properties. Substitution of smaller residues at Try168 and Asp176 also create more space nearby. Other changes affecting subsites near the active site (including the highly conserved Tyr142, Tyr168, Asp170 and Trp364; Table 5 ) could have profound effects on catalytic properties. Differences in the binding tunnel could further be associated with a different speci®city.
Concluding remarks
The structure of Pc_Cel7D agrees well with the available experimental data, and suggests several avenues for additional work. We will, for instance, study the structures of complexes with natural sugars and substrate analogues, to allow a more detailed comparison with Tr_Cel7A. There is also a need for further biochemical investigations, as well as comparative studies of the kinetics of these enzymes; these are underway. Taken together, the results will provide a deeper understanding of the function of cellobiohydrolases as key enzymes in cellulose degradation, and suggest how their properties might be engineered for greater ef®ciency in particular applications.
Homology modelling of the related enzymes of P. chrysosporium provided a number of other unexpected insights. Three of the isozymes are predicted to be very similar to Pc_Cel7D, and so their enzyme action is presumably quite comparable. Yet mRNA and other studies indicate that the different genes are expressed differentially in response to different stimuli. Although the full implications of these observations will need to be investigated further, one obvious conclusion is that multiple genes provide a more ef®cient way of obtaining carefully controlled levels of expression, rather than having a single gene that must be ®ne-tuned in response to various stimuli.
An interesting possibility for industrial applications arises from the observation that the cellulose-binding sites of these four Phanerochaete enzymes should all be more open than that of the corresponding T. reesei cellobiohydrolase. This may re¯ect looser binding, and possibly enhanced catalytic rates, in comparison to Tr_Cel7A. Cellulose is tightly bound to itself, and to other components in the plant cell wall. Therefore, tight binding of cellulose in a more or less closed tunnel may be crucial for soft-rot fungi such as T. reesei, despite the possible expense of a decreased catalytic rate. The more open architecture of the Phanerochaete cellobiohydrolases may be allowed in white-rot fungi, since they possess additional enzymes that degrade lignin, which should loosen up the cell wall assembly. It will therefore be very interesting to test the ef®-ciency of these Phanerochaete enzymes in applications where Tr_Cel7A is now used, particularly in those where the plant material has already been disrupted, by mechanical or other means.
One of the remaining enzymes, Pc_Cel7A is probably (although not certainly) a cellobiohydrolase, although we expect that it will be less active on solid substrates; there is also good reason to believe that it will have enhanced endo activity. The other isozyme (Pc_Cel7B) is predicted to differ more dramatically. Sequence differences from Pc_Cel7D suggest large alterations in speci®city, and possibly in catalytic mechanism. One possible scenario is that the Cel7A and Cel7B enzymes are important in the synergistic attack of P. chrysosporium on cellulose. However, it is worth an explicit reminder that Pc_Cel7A and Pc_Cel7B have not yet been isolated. Assuming that they are indeed expressed (as is strongly suggested by the presence of their mRNA transcripts), it may be that these enzymes lack cellulase activity, and have been missed in previous studies for that reason. The facts that both genes are transcribed when cells are cultivated in minimal medium containing glucose, that only Cel7A is transcribed at detectable levels when the substrate is wood, and that neither is transcribed when cells are grown on cellulose, strongly suggest that these enzymes are a key part of this organism's complex and dynamic ability to degrade a wide variety of substrates.
These ideas have suggested a number of studies that we are now pursuing. It is clear that we have much to learn about how Phanerochaete deal with the complex problems associated with their complex substrates. In addition, our studies provide critical input for the design of cellulases with different properties, for use in such industrial applications as sacchari®cation and de-inking.
Materials and Methods

Preparation of protein
The protein was obtained from the fed-batch cultivation of P. chrysosporium strain K3 using cellulose (Avicel) as a carbon source, described. 31 Puri®cation of intact Cel7D was performed according to described procedures. 25 Papain treatment, followed by ionexchange chromatography, 40, 41 separated the catalytic module from the CBM and linker region.
The catalytic module was deglycosylated with jack bean a-mannosidase (Sigma) and a crude mixture of endoglycosidase F/peptide-N-glycosidase F (Oxford Glycosystems), to remove terminal mannose residues and N-linked oligosaccharides, respectively. A solution containing 10 mg of Pc_Cel7D core and 0.2 mg a-mannosidase in 15 ml of 50 mM sodium acetate (pH 5.0), 2 mM zinc acetate, was sterile ®ltered (0.22 mm membrane) and incubated overnight at 37 C. EDTA (10 mM) and bmercaptoethanol (2 mM) were then added, together with 40 DGU (Oxford Glycosystems deglycosylation units) of the glycosidase mixture. After overnight incubation, another 40 DGU portion of the enzymes was added and the reaction was left to proceed for two days at 37 C. The deglycosylated catalytic module was puri®ed on a Q-Sepharose High Performance column (1.6 cm Â 8 cm; Pharmacia Biotech) using a gradient of 25 mM to 200 mM sodium acetate (pH 4.2).
Crystallization and data collection
Crystals (typically 0.2 mm Â 0.1 mm Â 0.05 mm) were grown by seeding in hanging-drop vapour diffusion experiments, 42 and appeared after equilibration for three to seven days at room temperature. Crystals that grew more slowly were generally larger and better formed.
For the ®rst data set, 2 ml drops of protein solution (10 mg/ml protein, 12.5 mM R-propranolol, 1 mM sodium acetate (pH 5.0)) were mixed with 2 ml of reservoir solution (27.5 % (w/v) polyethylene glycol monomethyl ether 5000, 2 mM CaCl 2 , 10 mM Tris-HCl (pH 7.0), and 10 % (v/v) glycerol) and equilibrated against the same reservoir solution. Crystals were taken directly from the mother liquor using ready-made cryoloops (Hampton Research) and¯ash-frozen either directly in the cold nitrogen stream or by immersion in liquid nitrogen. Data were collected to 2.1 A Ê resolution from a single crystal on a home X-ray source (Set 1, Table 2 ). Images were processed with DENZO, 43 then re¯ections were scaled and merged with programs of the CCP4 package. 44 The space group was determined to be C2. Assuming a single molecule in the asymmetric unit (with a M r of 45.7 kDa for the catalytic core) gives a V M 45 value of 2.1 A Ê 3 /Da, which corresponds to a solvent content of $42 %.
For the second data set, 2 ml of protein solution (30 mg/ml protein, 30 mM rac-mexiletine, 50 mM sodium acetate (pH 5.0)) were mixed with 2 ml of reservoir solution (22.5 % polyethylene glycol monomethyl ether 5000, 5 mM CaCl 2 , 10 mM Tris-HCl (pH 7.0), and 12.5 % glycerol). Data were collected from a single frozen crystal using synchrotron radiation to a resolution of 1.32 A Ê , and processed as described above (Set 2, Table 2 ).
Structure solution
The structure was solved by molecular replacement 46, 47 as implemented in the program AMoRe, 48 using data set 1. The search model was a modi®ed form of Tr_Cel7A from which the longer loops had been omitted (residues 100-102, 197-198, 245-250, 278-279 and 295-299, starting from the E212Q mutant found in RCSB Protein Data Bank entry 2CEL 35 ). The correct solution was the highest peak in both rotation and translation searches including data between 15.0 and 4.5 A Ê resolution, with a correlation coef®cient of 0. 53 and an R-factor of 0.42. The next highest peak in the translation search had a correlation coef®cient of 0.25. A 2F o À F c map showed clear, contiguous electron density for the peptide backbone and many side-chains within the hydrophobic core of the protein.
Structure refinement
A 10 % of the re¯ections in the 2.1 A Ê data set were set aside for free R-factor calculations during re®nement. 49, 50 The starting model was based on an alignment of the sequence of the catalytic module of Tr_Cel7A with that of Pc_Cel7D, obtained using MegAlign 51 and manually adjusted in accordance with structural considerations. Positions of sequence differences were designated as alanine or glycine, except in a few cases of conservative substitutions where the residue in the Pc_Cel7D sequence was used instead. The programs SOD 52 and O 53 were then used to produce a model based on this sequence and the Tr_Cel7A coordinates. 35 A new electron density map was calculated (using only the working set of re¯ections), and the model was rebuilt where changes were supported by electron density. Where clear density was seen for the side-chain expected in Pc_Cel7D, the model was mutated accordingly and the side-chain ®tted into the density. The resulting model was then re®ned against the 2.1 A Ê data set using CNS. 54 The ®rst round of re®nement included a rigid body minimisation followed by simulated annealing (Cartesian, starting at 3000 K), both performed using data in the resolution range from 50 A Ê to 3.0 A Ê . The R-factor and R-free values after this ®rst cycle were 0.387 and 0.399, respectively. Further rounds of model mutation/rebuilding and simulated annealing (using all data to 2.1 A Ê ) resulted in a model with an R-factor of 0.208 and an Rfree of 0.235. This model included all 431 residues and the correct sequence of the Pc_Cel7D catalytic core.
Re®nement then proceeded with data set 2, which extended to 1.32 A Ê resolution; 10 % of the data were set aside for R-free calculations. Anisotropy of the data, however, caused problems, as weak re¯ections along one reciprocal-space axis were not handled well in CNS, even using overall anisotropic temperature factor corrections. The anisotropy exists in all data sets collected for this protein, but only becomes a serious issue for highresolution data. The most successful strategy for dealing with this problem made use of Babinet's bulk solvent correction (setting the B value to 200), combined with overall anisotropic scaling and individual anisotropic temperature factor re®nement using maximum likelihood as implemented in REFMAC5. 55, 56 Coordinates for the 1.32 A Ê ®nal model and the corresponding structure factor data have been deposited in the RCSB Protein Data Bank 57 with entry code 1GPI. The structure (described in Table 3 ) has excellent electron density in most places. There are, however, some regions of the maps which still show the effects of the anisotropy ( Figure 5 ). Among the areas of poorer density is found the Ramachandran outlier Asn241; while this conformation (f 64.1, c À 54.4) appears to be required by the local structure, we cannot prove its correctness based on electron density alone.
Sequence comparisons and homology modeling
Sequences of the six Cel7 enzymes of P. chrysosporium, as well as those of Tr_Cel7A and Tr_Cel7B, were retrieved from GenBank, 58 with the following identity codes: Tr_Cel7A, gij67506j; Tr_Cel7B, gij170547j; Pc_Ce-l7A, gij3131j; Pc_Cel7B, gij477839j; Pc_Cel7C, gij294196j; Pc_Cel7D, gij511302j; Pc_Cel7E, gij422245j; Pc_Cel7F gij283375j. Full-length sequences of Pc_Cel7E and Pc_Cel7F were generously provided by Dan Cullen (USDA Forest Products Laboratory, Madison, Wisconsin). A multiple alignment of these sequences was carried out with MULTALIGN. 59 Subsequent pair-wise alignments of the P. chrysosporium enzymes were obtained with CLUSTAL W, 60 and adjusted manually where needed to agree with the multiple alignment. These aligned sequences were used to generate homology models, based on the structure of Pc_Cel7D, with the program SOD. 52 The models were modi®ed somewhat, using rotamers that would improve packing in the interior of the protein, or to account for deletions in some loop regions. The sequence of Pc_Cel7D was compared with all sequences available in GenBank, using hidden Markov models as implemented in SAM-T99. 61 A total of 55 homologous sequences were identi®ed and aligned by this method.
